Abstract The plasma-neutral gas structure generated in a magnesium cathodic arc operated with oxygen gas at a constant current of 50 A has been investigated by employing a simplified one-dimensional fluid model. The model includes elastic collisions and charge-exchange reactions between metallic particles and gas molecules, and also generation and recombination of gaseous ions by electron impact. The distribution profiles of density and velocity of species along the axial direction were obtained at different background gas pressures (in the range of 0.7∼3.0 Pa) by this model. A comparison with the experiments was made. At lower gas pressures, the depositing particles were mainly the metallic ions with a larger kinetic energy. As the gas pressure increased, the magnesium atoms with smaller kinetic energy acted as the dominant depositing species. Determined by the minimization of the system's total energy, MgO(100) or/and MgO(110) orientation appeared easily in the MgO films at lower gas pressures, and at higher gas pressures, the film preferred orientation was MgO(111).
Introduction
The highly ionized cathodic arc plasma is a versatile source for manufacturing films or coatings [1∼3] . The natural energy of the metallic ions emitted from the cathode spots is tens to hundreds of electron volts without bias [4] . In many cases, a reactive background gas (usually N 2 or O 2 , with gas pressure values in the range of 10 −2 ∼50 Pa [5] ) is introduced in the discharge chamber for manufacturing complex films or coatings. Yet, the ion energy and ion flux distribution are greatly perturbed as a result of the interactions among metallic ions, electrons and gas molecules. Usually, the interactions occur in the so-called inter-electrode region, which is a neutral plasma zone extending from the cathode spot plasma to the anode sheath. The knowledge of the complex metallic plasma-neutral gas structure is important [6] because the resulting film structure and properties are strongly influenced by the energy and category of the depositing species.
Several works have been presented in the scientific literature concerning the plasma-neutral gas structure for cathodic arcs operating with background gases. Interactions, including elastic collisions [7∼13] or/and inelastic collisions [14∼20] were taken into account in the one-dimensional numerical model, and a good agreement between the experimental data and the predictions was found. The main conclusions included that the gas pressure affected ion current and the ion charge state, and charge-exchange reactions between metallic ions and gas molecules were the main channel for the production of molecular gas ions in a low gas pressure. Later, a simplified two-dimensional model which described the inter-electrode region of a non-filtered cathodic vacuum arc with a cylindrical geometry was developed by F. O. MINOTTI et al [6] . They calculated the axial and radial profiles of metallic ions, metallic neutral and gaseous ion densities and their corresponding axial velocities profiles. The profiles obtained along the symmetry axis agreed very well with those determined using a one-dimensional model. However, the theoretical predictions have not been compared with experimental results. Since the ejection of metallic ions is mainly along the axial direction and the substrates are usually placed facing the cathode surface at the axis in the practical experimental process, the axial distributions of ion flux density and velocity are the main aspects which need to be considered, which have strong influences on the resulting film structure and properties. In the literature [18, 20] , the plasma-neutral gas structure in a Cu or Ti or Al cathodic arc with N 2 or O 2 gas was investigated. MgO film is often used as a buffer layer, as its higher quality surface is required. The macroparticles exist on the film surface generally when there are no filtering measures during the cathodic arc deposition process. Therefore, MgO film prepared by the cathodic arc deposition technique has not been the focus of research previously. Recently, MgO film prepared by the cathodic arc deposition technique has been used as the protective layer of the AC plasma display panel. To our knowledge, the structure in a Mg cathodic arc operated with oxygen gas has not been reported.
In this work, the plasma-neutral gas structure generated in a DC cathodic arc operated at the arc current of 50 A with a Mg cathode and O 2 gas at pressures in the range of 0.7∼3.0 Pa was investigated. For simplicity, we presented a one-dimensional fluid model appropriate to describe the inter-electrode region of a non-filtered vacuum arc with a cylindrical configuration similar to the one described in the Ref. [6] . Compared with Ref. [6] , the main differences are that, in this work, the model is one-dimensional ignoring the diffusion in radial direction and the geometry sizes of the discharge chamber in the model are the real sizes of the deposition chamber in the experiment, and the deposition pressures used in the model also are practiced in the experiments. Elastic collisions and charge-exchange reactions between metallic particles and gas molecules, and also generation and recombination of gaseous ions by electron impact are included in the model. The numerical solutions of the equations in the model were obtained and used to analyze the experimental results.
Numerical model
A sketch of the discharge chamber is described in Fig. 1 . A cylindrical cathode is surrounded by another cylindrical anode of relatively large diameter. The region to be modeled is a cylinder of radius R ch =50.0 cm and length L ch =80.0 cm, extended between the end of the cathode (radius R c =3.2 cm) and the end of the chamber. In fact, the geometrical configuration of nonfiltered vacuum arcs is a cylindrical cathode surrounded by another cylindrical anode of relatively large diameter. In this configuration, the arc current (carried by the electrons) is distributed almost in the radial direction (thus closing the electrical circuit through the shortest cathode-anode path), while the metallic ion emission is mainly in the forward (axial) direction [6] . For simplicity, the problem is assumed to have a onedimensional nature. The metallic ion emitted by the cathode is modeled as a single species of average charge Z. The other species considered are metallic atoms generated by the charge-exchange reaction with gas molecules, molecular gaseous ions (generated by the same process and by electron impact) and electrons. The neutral gas state is considered unperturbed by the discharge and the electron temperature is considered to be constant. Elastic collisions considered in this work mainly occur between metallic ions or gaseous ions and gas molecules. The elastic cross section for ion collisions with neutral gas molecules, σ 0 , is about 2 × 10 −15 cm 2 [6] , and the elastic mean free path is in the range of 0.7 ∼ 2.9 cm corresponding to the investigated gas pressure range, which is much smaller than the shorter dimension of the chamber. The equations are the following: Quasi-neutrality [6] 
(
Where, n e , n Mg and n O + 2
are the electron, metallic ion and gas ion densities. Z is the averaged charge of metallic ions. The density of negative gas ions is not considered due to their low content at low gas pressure.
Mass conservation for metallic ions, gas ions, and metallic atoms
In the Eqs. (2)∼ (4), n O2 is the density of the neutral background gas, n 0,Mg is the density of metal atoms, and u Mg , u 0,Mg and u O + 2 are the axial velocities of metallic ions, metal atoms and gaseous molecular ions. Note that a 0 subscript corresponds to a neutral species.
Momentum conservation in the x direction for the electrons (neglecting their inertia) and the species:
molecules are considered in the momentum conservation. The influences of charge-exchange reactions and electrostatic potential gradient are ignored. According to the results in Ref. [6] , in this work the velocities of metallic species and gaseous molecular ions were simplified as follows:
In practice, for computational reasons, the first terms in the right hand side of Eqs. (8) and (9) are the velocities of the magnesium ion, magnesium atom and gaseous molecular ion at x = 0, respectively, and α with a set value is a decay factor of velocity. The value of α increases with gas pressure because the elastic scattering enhances with the background gas pressure and the velocities of metallic particles decayed quickly at higher gas pressures. A is a constant which is determined by the energy transmission coefficient, as described below.
The inelastic processes are determined by σ ce , the cross section for charge-exchange, and by k el and β rec , which correspond to the coefficients for ionization by the electron impact of gas molecules, and recombination of gas ions, respectively. The charge-exchange reaction between metallic ions and neutral gas is expressed as:
The process described by Eq. (11) takes into account that Z gas molecules are needed to neutralize a metallic ion with charge Z.
Since most vacuum arcs operate with DC currents during times larger than several seconds, we are interested mainly in the steady-state solutions. In order to obtain the steady-state solutions, the boundary values of all variables are given at x= 0 (cathode surface) and kept constant during the integration. At the end of the chamber x = L ch , the condition of the zero secondorder x derivative is used for all variables, to allow them to be relatively free.
In this model, the total ion current is 8% of the total discharge current of 50 A, and the initial velocity of metallic ions emitted from cathode surface is u 0 Mg = 3.06 × 10 6 cm/s. The averaged charge of metallic ions is Z = + 1.5 [21] . Using the above data, the magnesium ions density n Mg ≈ 10 11 cm −3 is estimated at the cathode surface of x = 0, and the relationship of the densities of magnesium atoms, gaseous molecules and magnesium ions is given, that is n 0,Mg = n Mg at x= 0 referred to the work of Ref. [6] . The producing mechanism of magnesium atoms is a charge-exchange reaction between metallic ions and gas molecules, and we consider that there is no loss of the kinetic energy of metallic particles. The velocity of magnesium ions is equal to that of magnesium atoms, that is, u 0 0,Mg = u 0 Mg at x= 0. Due to the relatively high density of the background gas, the density and temperature are considered uniform and constant. We also assume that the maximum velocity of gaseous molecular ions appears as a consequence of the balance between the gaseous ion pressure gradient and the drag force of the background gas when experiencing a long distance. Yet, the kinetic energy is not greater than that transferred to the maximum kinetic energy of the molecules by Mg ions or Mg atoms through elastic collisions. Therefore, the constant A determined by the energy transmission coefficient of elastic collision in the Eq. (10) 
e (V i /T e +2) exp(−V i /T e ) [21] , where, p is the gas pressure, electron temperature T e = 2.1 eV, V i = 12.21 eV is the ionization energy of the oxygen molecule, and β rec = 10 (8) and (9)), respectively.
Steady-state numerical solutions
The steady-state numerical solutions are obtained from the one-fluid model. The axial density profiles of metallic ions, gas ions and metallic atoms for gas pressure p= 0.7∼3.0 Pa are shown in Figs. 2, 3 and 4, respectively. From Fig. 2 we can see that the density of the Mg ions first increases, then begins to decrease with x. Fig. 3 shows that the density of gas molecular ions increases rapidly along the axial direction near the cathode surface, after reaching a maximum value, then begins to decrease. When gas pressure is lower than 1.9 Pa, the density of the gas molecular ions remains almost constant with the further increase of x at the distance far from the cathode surface (close to the chamber wall). Yet, the density of the gas molecular ion decreases slowly along the axial (x) direction when the gas pressure is higher than 1.9 Pa near the chamber wall. Fig. 4 shows that the density of Mg atoms increases with x at lower gas pressures. As gas pressure is higher than 1.9 Pa, the density of Mg atoms gradually reaches saturation. The results shown in Figs. 2∼4 also demonstrate that the densities of Mg atoms and gas molecular ions increase with deposition pressure, and the density of Mg ions decreases with deposition pressure. It indicates that the charge-exchange reaction is the primary mechanism for the density variations of all the particles. The density of gas molecular ions is much lower than that of the background gas molecules, which is consistent with the result presented in the Ref. [18] . 
Discussion
The axial density and velocity distributions of the species can be attributed to the interactions among metallic particles, electrons and gas molecules.
Let us first discuss the density distribution of the Mg ions along the axial direction. According to Eq. (2), there are two factors affecting the density distribution of Mg ions. One is the velocity of Mg ions, which can result in the increase of ion density because of the exponential decay law of velocity with x (see Eq. (8)), the other is the charge-exchange reaction between Mg ions and gas molecules, which can result in the decrease of ion density. At the lower gas pressures, the probability of a charge-exchange reaction is lower, and its effect on the density of Mg ions is weaker than that of the velocity decay of Mg ions. Additionally, the velocity decays quickly with x near the cathode surface (see Fig. 5 ). Therefore, the density of Mg ions first increases along the axial direction. Yet, the velocity of Mg ions decays slowly with the further increase of x far from the cathode surface. As the charge-exchange reaction is the dominant factor, and then the density of Mg ions again decreases slowly with x. The density of gas molecular ions is influenced by four factors according to Eq. (3), which are the velocity of gas molecular ions, the charge-exchange reaction, the ionization of gas molecules by electron impact and the recombination of gas ions with electrons, respectively, In this model, the velocity of gas molecular ions is relatively small and it increases slowly with x. Therefore, the velocity of gas molecular ions can be considered to be the second factor and be ignored. The increase of gas molecular ion density with x can be attributed to the charge-exchange reaction between gas molecules and Mg ions and the ionization of gas molecules by electron impact near the cathode surface. However, the number of Mg ions involved in the charge-exchange reaction reduces with further increasing x, and then the density of gas molecular ions decreases. Near the chamber wall, the density of gaseous ions remains constant as a consequence of the balance among the charge-exchange reaction, ionization by electron impact of gas molecules and recombination of gas ions with electrons.
Let us discuss the distribution of the density of Mg atoms along the axial (x) direction. We can see from Eq. (4) that the density of Mg atoms is determined by the charge-exchange reaction between Mg ions and gas molecules and the velocity of Mg atoms. The reduction of velocity of Mg atoms with x and the charge-exchange reaction can both increase the density of Mg atoms. Therefore, the density of Mg atoms increases along the axial (x) direction. When the background gas pressure is higher, the reaction rate of the charge-exchange increases and the Mg atoms velocity reduces quickly due to the enhanced scattering by gas molecules, thus, the density of Mg atoms near the cathode surface increases rapidly with deposition pressure. However, in the remote location away from the cathode surface, the number of Mg ions involved in the charge-exchange reaction decreases as x increases and the density of Mg atoms increases slowly or remains almost constant as x increases further. The constant density is a consequence of the effects balance between the charge-exchange reaction and velocity reduction of Mg atoms.
The results obtained from the one-dimensional model of numerical solutions show that the density of Mg ions decreases and the densities of Mg atoms and gaseous ions increase with gas pressure. In particular, the density of Mg atoms is higher than that of Mg ions when deposition pressure is relatively high in most positions outside the cathode surface along the axial direction. This indicates that the charge-exchange reaction might be the main factor which dominates the species density distributions in the plasma-neutral gas structure. Additionally, the density of gas molecular ions is far less than that of gas molecules when the deposition pressure is lower than 3.0 Pa, which shows that the oxygen component in the MgO film is mainly derived from the background gas of O 2 .
The model developed in this work allows us to calculate axial density and velocity profiles of metallic ions, metallic atoms and gaseous ions. For simplicity, the radial diffusion is ignored because the emission of metallic ions is mainly along the axial direction. It is also worth noting that the boundary conditions drastically affect the solutions of the model. It is fortunate, however, that, acceptable solutions are obtained only within well defined and reasonable limits. The solutions are sensitive to the velocity decay factor (α). Although the values of α are assigned subjectively to a certain extent under different gas pressures, and which mean the numerical solutions of differential equations can not quantitatively describe axial distributions of the kinetic energy and the density of the particles, the numerical solutions can qualitatively reflect the effects of deposition pressure on the particles' kinetic energy and the spatial density distributions. The results obtained from the one-dimensional model will give guidance on the experiments and help to investigate the structure and properties of MgO thin films.
In order to make a comparison with experiments, we prepared MgO films using a magnesium cathodic arc with an arc current of 50 A at the oxygen gas pressures of 0.7 Pa, 1.2 Pa, 1.9 Pa and 3.0 Pa, respectively. The substrates were placed facing the cathode surface at a position of about x = 27 cm. Fig. 6 shows the XRD patterns of MgO thin films. The XRD patterns indicate that two orientations appear when the gas pressure is no more than 1.2 Pa. The preferred orientation is MgO(100) or MgO(110) as the deposition pressure is 0.7 Pa or 1.2 Pa. As the gas pressure is higher than 1.2 Pa, only one orientation of MgO(111) can be observed in the XRD pattern. Yet, the intensity of the MgO(111) diffraction peak is relatively weak with respect to that of the MgO(100) or MgO(110) peak at lower gas pressures. Most explanations for the preferred orientation in the films were given in terms of strain energy, surface energy, and kinetic factors [22] . The preferred orientation of the thin films is caused by the driving force of minimization of the total energy. For a thinner film at low strain, the surface and interface energy driving force dominates. For a thicker film at a high strain, the strain energy driving force dominates [23] . For a MgO crystal with NaCl-type structure, the MgO(100) or MgO(110) plane has no net surface charge, which results in a lower possible surface energy compared to the polar plane of MgO(111) made only of the Mg 2+ cations or only the O 2− anions alternatively [24] . The (110) surface involves the least number of broken bonds and thus represents the lowest surface energy. Therefore, the surface energy of the MgO crystal, S hkl , is S 110 < S 100 < S 111 . According to the theoretical calculation, the strain energy density, E hkl , is E 100 < E 110 < E 111 . MgO films would grow toward the orientation of the (110) plane with the lowest surface energy when the surface energy is dominant, and toward the orientation of the (100) plane with the lowest strain energy when the strain energy is dominant. It is difficult to obtain (111) orientation MgO film unless at the conditions of lower strain and smaller surface roughness.
The results obtained from the one-dimensional model show that, when the deposition pressure is low, such as 0.7 Pa and 1.2 Pa, the density of Mg Z+ ions is higher than that of Mg atoms at the substrate position (compare Fig. 2 with Fig. 4) , and the magnesium ions are the dominant depositing metallic species. In this circumstance, it is impossible for grains to grow along the direction of MgO(111). As we know, the compressive stress caused by "atomic peening" generally exists in the cathodic arc deposited films and varies with the energy of depositing species. At a gas pressure of 0.7 Pa, the kinetic energy of the depositing particle is relatively large, thus there is a large strain in the film. Therefore, the MgO (100) preferred orientation appears to be due to the minimization of total energy of the system. As the gas pressure increases to 1.2 Pa, the kinetic energy of the depositing particle decreases and the lattice strain is reduced. Then, in order to minimize the total energy of the system, the MgO(110) preferred orientation appears. When the deposition pressure further increases to 1.9 Pa or to 3.0 Pa, the density of magnesium atoms is larger than that of magnesium ions at the substrate position. Now, the neutral magnesium atoms act as the dominant depositing species. Additionally, the kinetic energy of the depositing particles is relatively low because of the enhanced scattering by the background gas molecules. Therefore, at higher gas pressures, the dominant depositing particles are magnesium atoms and the compressive stress would reduce or disappear, and the incident magnesium atoms combine with the adsorbed oxygen molecules to form Mg-O bonds and lead to the formation of an Mg atom plane. This is then followed by a layer of oxygen. Consequently, alternate layers of Mg and O will be grown in succession. This means an MgO film with the (111) orientation will be formed. Moreover, at higher gas pressures, more reactive oxygen species can be adsorbed on the film surface, which can hamper the adatom mobility [25] . Also, it is well known that the bombardment by energetic ions on the growing film surface can greatly improve adatom mobility. The increase in the O 2 gas pressure results in a decrease in the kinetic energy of the depositing metallic species. Therefore, the crystalline quality of the MgO film decreases with further increasing O 2 gas pressure.
Summary
In this work, the simplest possible model able to realistically describe the one-dimensional characteristics of a non-filtered vacuum arc has been presented. The density and velocity distribution profiles of metallic species and gaseous molecular ions were obtained along the symmetry axis at different gas pressures. Additionally, the comparison has been made with the experimental results. At lower gas pressure, the dominant depositing species are magnesium ions with relatively large kinetic energy, which leads to the formation of the film with the preferred orientation of MgO(100) or MgO(110). At higher gas pressure, Mg atoms with lower kinetic energy act as the dominant depositing particles and the preferred film orientation changes to MgO(111).
